INTRODUCTION
The epithelium of the small intestine is maintained by a small number of pluripotent stem cells near the base of the crypts of Lieberkiihn. These stem cells give rise to progeny, most of which migrate up the crypt-villus axis, undergo functional and morphological differentiation and give rise to the variety of terminally differentiated phenotypes seen on the villus (Potten & Loeffler, 1987; Trier & Madara, 1981) . This includes the development of well-defined apical microvillar brush borders and the maturation of a number of apical (e.g. alkaline phosphatase) or basolateral (e.g. Na+/K+-ATPase) enzymes. It is thought that a variety of endogenous factors regulate cellular differentiation; these may include peptide growth factors, hormones, neuropeptides and cell-matrix or cell-cell interactions with the underlying mesenchyme. The need for suitable models in vitro to study the control of proliferation and terminal differentiation is therefore important in understanding the organization of many epithelial tissues. Most previous emphasis has been placed on the development of organ-and cell-culture models (Quaroni & May, 1980; Trier, 1980) ; however, these cannot fully recapitulate the complexity of the system in vivo. The spatial organization along the crypt-villus axis has allowed the development of methods to isolate crypt and villus cells as separate fractions from adult tissues. The most notable of these methods was developed by Weiser (1973) , who isolated crypt and villus fractions from adultrat intestines by using bivalent-cation-chelating agents at 37 'C. When the isolated cell fractions were analysed for the expression of characteristic brush-border enzymes and the incorporation of [3H]thymidine, an apparent gradient of initially terminally differentiated to primitive undifferentiated cells was seen as a function of time (Weiser, 1973) . Other non-enzymic methods have also been published, which tend to include variations in the physical handling of the tissues and the chelating solu-tions used (for review, see Remke et al., 1988) . However, in many of these reports little morphological or histological evidence for the apparent gradient of cell types was given.
Physical isolation at 37 'C may affect some biochemical and molecular processes (e.g. mRNA stability and membrane receptor internalization); we have therefore developed a lowtemperature (4°C) adaptation of the original method reported by Weiser (1973) . This allows the isolation of purified whole crypts or sheets of villus cells within 40 min. The (1 ,uCi/g) 1 h before the isolation to label the proliferative fraction of the epithelium. After killing by cervical dislocation, the complete small intestine was removed from each animal and flushed with cold Hanks' solution (4°C) containing 0.5 mmdithiothreitol to remove the luminal contents. The epithelium was then isolated by a modification of the method described by Weiser (1973) .
Isolation of the epithelium from the crypt and viUus regions
The epithelium from the crypt-villus axis was isolated by a modification of the Weiser (1973) method (Scheme 1). The fractions collected were then stored on ice until the end of the isolation, after which they were centrifuged at low speed and the resultant pellet was studied by phase microscopy to assess the relative proportions of crypt and villus epithelium. Samples were then assayed for alkaline phosphatase activity and thymidine incorporation to characterize biochemically the level of proliferative/differentiated phenotypes in the various fractions. Pieces of the intestine were also taken at different stages of the isolation and treated with Carnoy's fixative for histological examination. This method was essentially the same for both rat and mouse; however, longer incubation times and more vigorous shaking was required for the mouse intestine.
In order to determine the effect of isolation at 37°C on the integrity of the RNA, a second method, based on that described by , was performed on the same tissues. Briefly, the method described in Scheme 1 was followed until step 3, at which point the tissues were divided into five Universal tubes containing 20 ml of chelating buffer. These tubes were Vol. 280
Step 1 Evert intestine on a 4 mm-diam. rod and divide into 2-3 mm lengths.
Step 2 Step 3I zzziIz
Step 5 J Repeat approx. 10 times or until little material is removed.
Step 6 Transfer to 100 ml of fresh chelating buffer and incubate at 4 0Cwith constant stirring for 10 min.
Step 7 Repeat steps 4+5.
2 Scheme 1. Schematic flow diagram summarizing the procedure used to isolate intestinal epithelial cells at 4°C The constituents of the chelating buffer (pH 7.3) were: 27 mMtrisodium citrate, 5 mM-Na2HPO4, 96 mM-NaCl, 8 mM-KH2PO4, 1.5 mM-KCl, 0.5 mM-dithiothreitol, 55 MM-D-sorbitol, 44 mMsucrose. Cells were collected as villus fractions vw (material from initial wash), V' (first three tubes from repeated shaking by hand in steps 4 and 5), V2 (tubes 4-6 from hand-shaking steps 4 and 5), V3 (tubes 7-10 from hand-shaking steps 4 and 5) and crypt fractions C1 (tubes 1-5 from repeated hand-shaking in step 7), C2 (tubes 6-10 from hand-shaking step 7). Abbreviations: DTT, dithiothreitol; HBSS-, Hanks' balanced salts solution (low Ca/Mg content). incubated in a shaking water bath at 37°C, and one tube was removed every 10 min and then shaken by hand as in Scheme 1 to release epithelial material. This was continued until four fractions had been collected (F1-F4), after which the final tube was transferred to 20 ml of fresh chelating buffer in a Universal tube and incubated in the shaking water bath for a further 20 min. After the final incubation, 'the last tube was removed and shaken by hand as previously described (F5). All fractions were again stored on ice until the end of the isolation, after which the released material was collected by low-speed centrifugation. Again, an estimate of the proportions of crypt and villus cells in the various fractions was made by observations under phase microscopy and by histological examination of the resulting tissues at various stages in the isolation.
Intestinal-cell characterization Differentiated cells released from the villus region of the epithelium were identified by the alkaline phosphatase activity in the cell isolates. The samples were first disrupted by sonication for 5 s at 10 ,um wavelength with a MSE Soniprep 150 instrument; the membrane fraction was then enriched by ultracentrifugation at 12000 g for 5 min. A portion of the suspension was then incubated for 5 min at room temperature in the enzyme substrate (50 mM-Tris/HCl, 5 mM-p-nitrophenyl phosphate, 5 mM-MgCl2, 0.25 mM-CaCl2, 0.2 mM-MnCl2, pH 9.0). The phosphatase activity was then determined by the released p-nitrophenol in a microtitre-plate assay by using a Titertek multiscan plate-reader at 414 nm.
The proliferative cells released from the crypt were identified on the basis of (3H]thymidine incorporation after a 60 min pulse (see above). This was measured after precipitation of 200 /1d portions of the isolated samples with 5 % trichloroacetic acid (to release acid-soluble material). The precipitate was then dissolved in 0.1 M-NaOH, neutralized with an equal volume of 0.1 M-HCl and added to 10 ml of Ecoscint A scintillation fluid. The radioactivity was then determined by liquid-scintillation counting on a Beckman LS1801 instrument and represented as d.p.m. In both assays, the results were expressed per unit of protein as determined by a micro-titre modification of the Bradford method (Redinbaugh & Campbell, 1985) .
Isolation of mRNA
Cytosolic RNA was isolated by an enucleation method described by Wilkinson (1988) and agarose-gel electrophoresis was performed as described by Sambrook et al. (1989) . The resulting gel was stained in ethidium bromide (5 ,ug/ml) and the bands were made visible by u.v. to detect any degradation.
Estimation of cellularity
Owing to the difficulties of making accurate cell counts of clumps of cells (e.g. crypt organoids), an analysis of the DNA with respect to that estimated to be contained in a single rat cell was used to determine total cellularity. Estimations of the cellular content of the isolated fractions were made by pooling VW-V3 and C1-C2 as villus and crypt fractions respectively. The DNA was then extracted by a modification of the method described by Gross-Bellard et al. (1973) . The total cellularity was then calculated from an estimate of DNA per cell of 6.5 pg.
RESULTS AND DISCUSSION
Attempts to develop models for the study of the epithelium lining the crypt-villus axis have relied on the isolation of cells at 37 'C. We have now developed a technique by which purified populations of proliferative and terminally differentiated epithelia can be obtained at 4 'C (Table 1 ). This method produces initial fractions (VW) of pure villus cells as large sheets of epithelium ( Fig. la) with distinct brush borders. These cells have been shown to be amitotic, and express the characteristics of terminally differentiated enterocytes found on the villus, but not in the crypts. Fractions removed at the end of the isolation (C2) consist of essentially pure suspensions of intact crypt organoids apparent by the classical tubular organization (Fig. lb) Large numbers of crypt organoids with some small villus cell aggregates and single cells.
C2
These fractions were essentially pure crypts of intact tubular morphology (Fig. lb) . At higher magnification, distinct Paneth cells were visible at the base of the organoids.
equal proportions of both cell types. However, in contrast with the low-temperature isolation, the initial fraction of villus cells which were present as small sheets at 37°C dissociated rapidly in later fractions. This rapid dissociation also affected the isolated crypt organoids; indeed, in F5, although enriched in crypts, many of the organoid structures had been reduced to clumps of cells. Therefore, the major advantage of isolation at low temperature appears to be that we can prevent possible deleterious effects which occur at 37°C owing to compromised cellular adhesion and membrane integrity. This may include internalization of surface receptors, which has been observed for insulin and epidermal-grow-factor receptors in isolated intestinal cells within 60 min at 37°C (Gallo-Payet & Hugon, 1984 . relatively unstable mRNA transcripts or their protein products may also be prevented by lower temperature (Weiser et al., 1987) . With this in mind, we decided to compare extracted mRNA from cells isolated by a previously described 37°C method (Barnard et al., 1989) and by the low-temperature method reported here. After separation on agarose gels, significant degradation of the RNA was observed at 37°C; however distinct ribosomal subunits were seen in the RNA from low-temperature isolates (Fig. 2) . In addition, high-molecularmass contamination was also seen in material isolated at 37°C, which may indicate a deterioration in nuclear integrity and the subsequent release of DNA into the cytosol. Indeed, nuclear pyknosis was evident in epithelium isolated at higher temperatures. Further evidence for the stability of the cellular isolates at low temperature was found by the fact that isolated RNA was suitable for Northern-blot analysis (L. Heather, un- Table 1) pression and possible changes associated with the onset of terminal differentiation. Other comparative studies which have been carried out include the changes in expression of cytokeratin polypeptides in the crypt-villus axis (N. Flint & G. S. Evans, unpublished work) and the synthesis of stress proteins after cytotoxic insult (N. Thakker, personal communication). The maintenance of cell and tissue morphological integrity may also provide models for biochemical studies of gene expression and receptor analysis along the crypt-villus axis. However, when attempts were made to grow these cells -in culture, they were found to be unable to proliferate in vitro. It should also be noted that this method was developed for rat/mouse intestine of defined ages, and therefore application to other species or ages may require some initial adaptations before successful isolation is achieved.
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published work). Another advantage of low-temperature isolation is the retention of structural integrity, not only in the morphology of the individual cells (i.e. sharply defined columnar shape), but also of the functional epithelium. The ability to remove large sheets of villus cells and crypt organoids with intact junctional complexes may allow their use in possible functional studies.
The study of alkaline phosphatase expression and thymidine incorporation by cells isolated at 4°C also revealed a gradient of activity/incorporation similar to those previously reported (Fig.  3) . However, the morphological evidence suggests that this is not due to a sequential isolation from villus tip to crypt base, but is a result of changing proportions of crypt and villus cells throughout the fractions. The gradients obtained by other methods may also be due to high activity in a pure suspension of cells which is gradually diluted out by increasing numbers of non-expressing cells. Morphological evidence suggests that this is the case for the 37°C isolation method that we used.
As reported, fractionated cells obtained by the low-temperature method have proved suitable for studies of mRNA ex-
